METHOD FOR FORMING A SEMICONDUCTOR DEVICE 
STRUCTURE IN A SEMICONDUCTOR LAYER 



Field of the Invention 

This invention is related to a method for making integrated circuits 
and more particularly to integrated circuits having dual work functions for 
the control gate electrode. 

Related Art 

In the manufacture of integrated circuits the progress is continuing in 
the area of faster speed and smaller individual transistor devices. As this 
continues to occur the commonly used gate (control electrode) of polysilicon 
is beginning to reach technology levels in which it is inadequate. Its ability 
to achieve the desired work function for both N and P-channel devices is 
becoming more and more difficult to achieve while retaining the desired 
level of conductivity. 

One of the difficulties in achieving dual work functions in transistor 
devices is that the primary technique for achieving this is using two different 
metal types. The result is very difficult manufacturing processes because the 
patterned metal etches of metal are difficult to achieve in many cases and 
also the typical technique requires completely removing one of the metals 
over the gate oxide that is used for one of the transistor types. For example, 
if a first deposited metal is going to be used for N-channel transistors, in the 
locations where there are to be P-channel transistors this first-deposited 
metal must be completely removed. This is required because the metal that 
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is closest to the channel is what controls the work function. Thus the metal 
for the N-channels in this case must be completely removed over the P- 
channel transistors. The result is the etchant that is used to remove this 
metal comes in contact with the underlying gate dielectric. The gate 

5 dielectric then for the P-channel transistors is damaged and may cause 
reliability issues for transistor gates that are formed over it. Removing the 
gate damaged gate dielectric and reforming another is generally not practical 
because of the high heat required to form gate dielectrics of adequate quality 
for manufacturing. Thus gate dielectrics have become a major issue for this. 

1 0 Another approach may be to utilize a gate dielectric material that can 

withstand the etchant materials quite well. In practicality, however, this is 
very difficult to find. It is very difficult to have a situation in which a gate 
dielectric receives a metal etchant and is not damaged at all. Further, many 
metals are fairly difficult to remove, although it is much easier to remove a 

1 5 blanket or wide area of metal than it is to perform an etch requiring a precise 
edge of a metal such as is required for forming gates. 

Thus, there is a need for a way to achieve etching of gate materials 
that provide the needed dual work functions without requiring difficult 
patterned metal etches and without causing damage to the gate dielectrics. 

20 

Brief Description of the Drawings 
FIGs. 1-11 are cross sections of an integrated circuit showing 
sequential stages of processing according to one embodiment of the 
invention; 
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FIGs. 12-15 are cross sections of an integrated circuit showing 
sequential stages of processing according to an alternative embodiment of 
the invention; and 

FIGs. 16-18 are cross sections of an integrated circuit showing 
5 sequential stages of processing according to another alternative embodiment 
of the invention. 

The drawings depict embodiments of the invention but are not drawn 
to any particular scale. 

10 Detailed Description of the Drawings 

A dual work function is achieved without requiring a patterned metal 
etch by forming a first silicide over one well type by reacting deposited 
silicon with an overlying metal. The overlying metal is separated from the 
silicon over the other well type by a hard mask that prevents silicide 

1 5 formation with the silicon over the other well type. Thus there is silicide 
over one well type and silicon on the other well type. Thus, the silicon over 
the other well type can either itself be used to determine the work function 
of transistors formed in the other well type or be reacted with an alternative 
metal. In either case, there are established two different work functions. If 

20 the silicon option is chosen, it should preferably be for P-type transistors. 
This is better understood with reference to the drawings and the following 
description. 

Shown in FIG. 1 is a semiconductor device structure 10 comprising a 
substrate 12, a dielectric layer 14 suitable for being a gate dielectric, a 
25 silicon layer 16 over dielectric layer 14, an isolation region 18, an N-well 20, 
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and a P-well 22 on opposite sides of isolation region 18. Silicon layer 16 is 
preferably amorphous silicon. As an alternative it could be a combination of 
silicon and germanium. In any event, however, it is a silicon-containing 
layer and preferably with silicon being the dominant element. Dielectric 

5 layer 14 can be a metal oxide or silicon oxide or another material suitable as 
a gate dielectric. Substrate 12 in this embodiment is silicon and may be 
semiconductor on insulator (SOI) type substrate. Gate dielectric 14 is 
preferably 10 to 100 Angstroms. High K materials can be thicker than those 
that are not high K. Silicon layer 16 is preferably 50 to 500 Angstroms. 

1 0 The silicon layer 16 may also be doped or left undoped. Boron doping is 
preferred for P-type transistors. Phosphorus or arsenic are preferred for N 
channel transistors. Nitrogen is also a possible dopant of silicon that can be 
used to affect the work function that results from the silicidation of the 
nitrogen-doped silicon. 

1 5 Shown in FIG. 2 is a semiconductor device 10 after a mask layer 24 

has been deposited on silicon layer 16 and a photoresist mask 26 has been 
deposited and patterned to be open over N-well 20. Photoresist mask 26 is 
used as a mask to etch in the etch of mask layer 24 and photoresist mask 26 
is then removed with the results shown in FIG. 3. With mask layer 24 being 

20 patterned it is open over N-well 20. The exposed portion of silicon layer 1 6 
may be doped at this point so that only the portion of silicon layer 16 that is 
exposed is doped, or in the event that silicon layer has already been doped, 
the exposed portion of silicon layer 16 may then be doped to a different 
doping than that portion of silicon layer 16 that is over well 22. Mask layer 

25 24 is preferably silicon oxide or silicon nitride and may be combination of 



4 



both. The thickness may be a quite a wide range in thickness, for example 
50 to 2000 Angstroms. 

As shown in FIG. 4, subsequently a metal layer 28 is deposited over 
silicon layer 16 and mask layer 24. Thus metal layer 28 is in direct contact 

5 with silicon layer 16 in the area over N-well 20 but not in contact with 
silicon layer 16 in the area over P-well 22. A heating step, also called 
annealing, is then performed which causes the portion of silicon layer 16 in 
direct contact with metal layer 28 to form a silicide 30 as shown in FIG. 5. 
Subsequently metal layer 28 is then removed with the result shown in FIG. 

1 0 6. This removal of metal layer 28 is achieved relatively easily because this 
removal of metal layer 28 does not involve patterning. Thus a simple wet 
etch can be used that is very effective in completely removing metal layer 
28. The result is a silicide layer over N-well 20 but not a silicide layer over 
P-well 22. Silicide layer 30 is thus in a position to become a gate (control 

1 5 electrode) for N-well 20 to form a P-channel transistor. The work function 
for such a P-channel transistor is thus based upon the type of silicide and by 
the doping, if any, of the amorphous silicon layer 16 that produced silicide 
layer 30. For a P-type transistor which would be formed in an N-well such 
as N-well 20, effective metals are titanium, tantalum and tungsten for the 

20 silicides. Thus silicide 30 is preferably titanium silicide, tantalum silicide or 
tungsten silicide. The threshold voltage of the transistors that are 
ultimately formed is affected by the work function but not completely 
controlled by it. The particular process that is chosen also plays a role, 
especially as the process relates to channel doping. Thus, the particular 

25 choice among preferred choices titanium, tantalum, and tungsten for the 
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silicide for P-type transistors will likely be influenced by the process 
utilized. 

As shown in FIG. 7 and subsequent to the formation of silicide 30 as 
shown in FIG. 6, mask layer 24 is removed and a second metal layer is 

5 deposited over silicide 30 and silicon layer 16. Another heating step is 
performed which causes formation of a metal silicide layer 34 over P-well 
22. In this case silicide layer 34 determines the work function for the N-type 
transistors formed in P-well 22. Preferably metal layer 32 is molybdenum, 
which results in a molybdenum silicide layer. The molybdenum layer 32 

1 0 does not form additional silicides because it does no chemically react with 
silicide layer 30 because it is already a fully reacted silicide. Thus silicide 
30 is unchanged based upon the formation of silicide 34 even though metal 
layer 32 is in direct contact with, silicide layer 30 as shown in FIG. 8. 

Shown in FIG. 9 is semiconductor device structure 10 after removal of 

1 5 metal layer 32. An in situ doped polysilicon layer 36 is deposited over 
silicide layer 30 and 34 as shown in FIG. 10. Subsequently a P-type 
transistor 38 is formed over N-well 20 and an N-type transistor 40 is formed 
over P-well 22. This is achieved by a patterned etch of the two silicide 
layers 30 and 34 and of the in situ doped polysilicon layer 36. The 

20 completed P-type transistor 38 has sidewall spacers 42 and 44 and 

source/drains 50 and 52. Similarly, N-type transistor 40 has sidewall spacers 
46 and 48 and source/drains 54 and 56. The formation of transistors 38 and 
48 is achieved from the device structure shown in FIG. 10 by techniques 
known to one of ordinary skill in the art. 
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In situ doped polysilicon layer 36 is useful in providing the necessary 
conductivity for the gate structure that is shown as gate stack 45 in FIG. 1 1 . 
Gate stack 45 comprises in situ doped polysilicon layer 36 and silicide layer 
30 as shown in FIG. 1 1 . Similarly gate stack 49 of transistor 40 comprises 

5 in situ doped polysilicon layer 36 and silicide layer 34. Silicide layer 30 is 
described as preferably titanium, tantalum or tungsten for it being a gate for 
a P-channel transistor. Alternatives are platinum or nickel. There may be 
other alternative as well. Further, there may be a combination of any of 
these materials of titanium, tantalum, tungsten, platinum and nickel to 

1 0 achieve the desired work function characteristics in a predetermined ratio. 
This combination of metals may be either mixed together as an alloy or in 
layers of different metals. A top layer of a particular metal may be useful in 
protecting against the formation of an unwanted material that would occur 
on the underlying layer in the absence of the overlying protective layer. 

1 5 Similarly, for silicide layer 34 molybdenum is preferred but an alternative 
material is zirconium and hafnium and there may be other alternatives as 
well. 

In this particular method described for FIGs. 1-10, the silicide 30 over 
N-channel 20 was performed first because the processes involved were 

20 titanium, tantalum and tungsten which require relatively high temperature 
processes which are preferably performed prior to lower temperature 
processes. In this case the molybdenum silicidation occurs typically at 
around 400 degrees Celsius whereas the titanium, tantalum and tungsten 
salicidations occur typically in excess of 700 degrees Celsius. By having the 

25 two silicidations occur at different times, it is feasible to use metals with 
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diverse silicidation temperatures. If the silicide with low temperature 
formation, such as molybdenum, experiences the much higher temperatures 
required for titanium, tantalum, and tungsten, it will develop agglomerations 
of the metal that result in a significant decrease in the conductivity of the 

5 silicide; a very undesirable result. Thus it can critically important to have 
the high temperature silicidation occur prior to the low temperature 
silicidation. In addition to having the two gates formed of different silicides, 
in other areas, the polysilicon is left the same for use as a floating gate. It is 
understood that in an actual semiconductor device, there would be many 

1 0 more that just two devices and some could be adapted for use as floating 
gate devices while still have regular P and N type devices with gates of 
differing work functions consistent with one or more of the embodiments 
described herein. 

Shown in FIG. 12 is the result of an alternative step following FIG. 6. 

1 5 A further difference is that FIG. 12 the well would preferably be a P-well 
instead of an N-well in which case silicide 30 would be molybdenum 
silicide. That is in FIGs. 12-15, well 20 is preferably a P-type well and well 
22 is preferably an N-type well. In such alternative embodiment a heating 
step is performed while oxygen is applied from an oxygen rich environment. 

20 The oxygen penetrates mask layer 24 and polysilicon 16 to generate 

additional silicon oxide to form silicon oxide layer 60. Silicide layer 30 is 
relatively immune to passing a reactant, preferably oxygen, through to gate 
dielectric 14 under silicide layer 30. This is a way of forming an increased 
thickness in gate dielectric. Especially this is an effective technique for 

25 increasing the thickness of the gate dielectric when it is an oxide and is 
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particularly useful for high voltage applications. There are numerous 
situations in which there is a benefit to having some transistors available that 
are capable of higher voltage operation than the vast majority of the 
transistors which are optimized for speed and other electrical characteristics. 

5 The process could continue after FIG. 1 2 as in FIGs. 7- 1 1 . in which case the 
wells 20 and 22 would be preferably N-type and P-type, respectively as is 
the preferred case for the embodiment shown in FIGs. 1-11. 

The embodiment shown in FIGs. 12-15 is for the case where a 
polysilicon gate is used to form a P-type transistor. Thus well 22 needs to be 

1 0 an N-well. The polysilicon can be effectively used as a P-type transistor 
because the work function for a P-type transistor can be achieved in 
polysilicon while maintaining excellent conductivity of the polysilicon. 
Thus it may be possible to achieve the desired work function characteristic 
and the desired conductivity using polysilicon for the P-type while using a 

1 5 silicide such as silicide 30 for the N-type. Mask layer 24 is removed with 
the result as shown in FIG. 13. An in situ doped polysilicon layer 62 is then 
formed over silicide layer 30 and silicon layer 16 as shown in FIG. 14. 
From the structure of semiconductor device 10 shown in FIG. 14 
conventional techniques can be utilized to form transistors 64 and 66 as 

20 shown in FIG. 15. Transistor 64 is shown as having sidewall spacers 68 and 
70, and source/drains 76 and 78. Transistor 66 is shown as having sidewall 
spacers 72 and 74, and source/drain regions 80 and 82. Thus transistor 66 
would have a silicon layer 16 with an in situ doped polysilicon layer 62 over 
it to form a gate stack 75 of transistor 66. Similarly silicide 30 and in situ 

25 doped polysilicon layer 62 would form a gate stack 7 1 of transistor 64. 
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Shown in FIG. 16 is the result of performing a doping step for the 
exposed portion of silicon layer 16 using mask layer 24 as a mask. This 
doped portion is shown in FIG. 16 as doped portion 84. This doping is 
preferably boron. Silicon layer 16 may already be doped with phosphorus or 
5 arsenic so that boron provides counterdoping. This can also be reversed by 
first blanket doping with phosphorus or arsenic and then counterdoping with 
boron as appropriate. Nitrogen is also a material that can be used as a 
dopant. 

Shown in FIG. 17 is the result of removing mask layer 24 and 

1 0 depositing a layer of metal over doped portion 84 and remaining silicon 
layer 16. A heating step is provided to cause formation of silicide layer 88 
from doped portion 84 and silicide layer 90 from silicon layer 16 that was 
over well 22 as shown in FIG. 18. The metal present in metal layer 86 is 
preferably titanium but other metals may work as well. The doping of 

1 5 silicon layer 16 is thus the basis for providing dual work functions using a 
single metal. The silicon is relatively easily doped by implanting or by 
diffusion. Doping a metal is generally not feasible. Implanting into a dense 
material like a metal is quite difficult, whereas the equipment for doping 
silicon by implanting is of course common in present semiconductor 

20 manufacturing. So in the case of the structure shown in FIG. 1 8, silicides of 
differing work functions are achieved by a single metal being deposited and 
thus a single heating step to form silicides. By using the same metal for 
both silicides, there is the benefit of no temperature differential for the 
formation of the two silicides. That is the silicidation temperature is dictated 

25 by the metal not by the doping of the silicon. Another advantage of this 
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single metal embodiment is that there is actually no need for forming hard 
mask 24. Photoresist is sufficient for masking an implant. 
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